The CIC family is the superfamily of voltage-gated CIchannels. Although the ClC channels expressed in Xenopus oocytes have been characterized, their channel properties are still poorly understood. We recently cloned a unique member of the ClC family, CLC-3, that is expressed abundantly in neurons. Its channel activity was regulated by phorbol esters. Now, we have established a stably transfected somatic cell line expressing functional CLC-3 channels and examined the CIC-3 single-channel current by patch-clamp techniques. In inside-out patches from the stably transfected cells, a rise of bath Ca =+ concentration in the physiological range of intracellular Ca =+ concentrations inhibited the CLC-3 single-channel currents. This inhibition by Ca =+ was independent of phosphorylation and ATP. Thus, the CLC-3 channel is a Ca=+-sensitive Cl-channel localized in neuronal cells, and its Ca =+ sensitivity implies a physiological role in neuronal functions.
Introduction
Recently, several members of the CIC family have been cloned. The CIC family consists of six members: CIC-0, CIC-1, CIC-2, CIC-3, CIC-K1, and CIC-K2 (Jentsch et al., 1990; Steinmeyer et al., 1991; Thiemann et al., 1992; Kawasaki et al., 1994; Uchida et al., 1993; Adachi et al., 1994) . These members appear to share 12 or 13 membrane-spanning domains, and all of them except for CIC-3 share about 40% amino acid identity. The CIC-3 channel is an intriguing member of the CIC family. Only 20%-24% of the amino acid sequence encoded by CIC-3 is identical to those of other cloned CIC CI-channels. Although the CIC-3 cDNA was isolated from a rat kidney cDNA library, its expression was abundant in rat brain, especially in the neuronal cells in the hippocampus, in the olfactory bulb, and in the Purkinje cells in the cerebellum (Kawasaki et al., 1994) . The CI-current elicited by CIC-3 in Xenopus oocytes was completely blocked by phorbol esters. The currents were examined by two-microelectrode voltageclamp techniques in Xenopus oocytes injected with in vitro transcribed CIC-3 cRNAs (Kawasaki et al., 1994) .
To examine the physiological, biochemical, and pharmacological properties of the CIC-3 channels in more detail, we established a stably transfected mammalian cell line expressing functional CIC-3 CI-channels. Singlechannel recordings allow the direct observation of the fundamental properties of individual ion channels. We there, fore characterized the single-channel behavior of the cloned CIC-3 channel using a patch-clamp technique.
Results

TransfecUon and Expression of CIC-3 in CHO Cells
Chinese hamster ovary cells (CHO-K1) were stably transfected with the coding sequence of cloned rat kidney CIC-3 using a dexamethasone-inducible expression vector, pMAM-neo (Lee et al., 1981; Chen and Okayama, 1987; Tabcharani et al., 1991) . After the selection with G418 for 5 months, 75 clonal cell lines derived from the transfected cells were examined for CIC-3 mRNA. Figure  1A shows a Northern blot of total RNA isolated from a series of clonal cell lines probed with 32P-labeled CIC-3 cDNA. We obtained only one clonal cell line (C21) that expressed a 3.5 kb mRNA (CIC-3) upon treatment of 2 pM dexamethasone. To examine the expression of CIC-3 channels on the cell surface, we assayed the C21 cells by the patch-clamp technique in the whole-cell configuration. C21 cells generated outward currents (2535 _ 176 pA; mean _ SEM at +10 mV membrane potential; n --10), but nontransfected CHO-K1 cells did not produce a similar level of current amplitude (14 _ 4 pA; n = 10; Figure  1B ). When membrane voltages were held at beyond _ 14 mV, these voltage clamps evoked huge currents that induced cell death. Expression of large outward currents was observed in all C21 cells, and it was constantly present through more than 10 passages. In our previous report, we showed the inhibitory effect of 12-O-tetradecanoylphorbol 13-acetate (TPA) on CIC-3 currents expressed in Xenopus oocytes (Kawasaki et al., 1994) . In the present study, effect of TPA on the currents expressed in C21 cells was examined in the whole-cell configuration. Treatment of 1 p.M TPA for 1 min blocked the currents (120 _.+ 50 pA; n = 6; Figure 1B , TPA(+)), and this effect was sustained for at least 5 min after the removal of TPA from the bath solution. The inhibitory effect of TPA was completely abolished by cotreatment with 10 p.M H-7, which is an inhibitor of protein kinases (2743 _ 194 pA; n = 6; Figure 1 B, TPA(+) and H-7(+)). We also examined the inhibitory effect of 4,4'-diisothiocyanatostilbene-2,2'-disulphonic acid (DIDS) on the CIC-3 whole-cell currents. Treatment of 1 mM DIDS blocked the currents (40 _ 26 pA; n --6). These properties of the whole-cell currents were consistent with the previous data from the two-microelectrode voltage-clamp studies in Xenopus oocytes (Kawasaki et al., 1994) .
To characterize the single-channel properties of the CIC-3 CI-channel, we applied the conventional patchclamp technique to the C21 cells and obtained CIC-3 single-channel recordings. Underlying small conductance CIchannels of -30 pS (Reinhardt et al., 1987; Gabriel et The pipette Ca 2+ concentration was 1 raM; the bath Ca 2+ concentration was nominally Ca2+-free. Ensemble averages of CIC-3 channel currents were constructed for each of the data points plotted. Voltage was ramped from -60 mV to +60 inV. Circles, CIC-3 ($2) inside-out patch clamp recordings (n = 10); arrows, closed state of channels. Outward currents are negative.
(B) Traces of the CIC-3 single-channel recording. $1, the high conductance CI-current; $2, the middle conductance CI-current. After the patch-membrane was detached from the cell to form the excised inside-out patch, membrane potential was maintained at +40 mV at bath Ca 2+ concentration of 10 nM.
((3) Current-voltage relationships in the half replacement with other anions. The single-channel conductances were measured between 0 and +40 inV. Ensemble averages of CIC-3 channel currents were constructed for each of the data points plotted (n = 3). The pipette solution contained 120 mM Natl. The bath solution for F was 60 mM NaCI and 60 mM NaF; for Br, 60 mM NaCI and 60 mM NaBr; and for I, 60 mM NaCI and 60 mM Nal.
al. Bear, 1994) were found in wild-type CHO-K1 cells in cell-attached and inside-out patches at positive membrane voltage (37.5%; 12 of 32; data not shown). The currents elicited by CIC-3 cDNA were not found in the cell-attached patches from C21 cells. However, when the membrane potential was maintained at +60 mV after detaching the patched membrane from the C21 cell at 10 nM bath Ca 2+ concentration, a large CI-current appeared with a variable time course (run-up within 0.5-3 min; n --78 of 100). Although the large-conductance CI-currents appeared in inside-out patches from the C21 cells, they never appeared in the patches from wild-type CHO-K1 cells and CHO-K1 cells transfected with a noninsert vector and cultured with dexamethasone (n = 0 of 50). Without treatment of dexamethasone, the C21 cells weakly expressed CIC-3 mRNA in an overexposed Northern blot, and the probability of the appearance of the large CI-channel decreased (n --18 of 50). Based on these data, we identified the large CI-currents with CIC-3 currents.
In the nominally Ca2+-free bathing solution containing 1 mM EGTA, CIC-3 channels passed outward CI-currents at positive membrane potential, but passed no inward CIcurrents at less than -20 mV membrane potential ( Figure  2A ). When a patched membrane contained one active channel, the large CI-channel always had two conductance states of a middle conductance state ($2) and a high conductance state ($1; Figure 2B ; pCa 8). In its open state, direct transitions between $1 and $2 were observed at +40 mV membrane potential. In inside-out patches with symmetrical 120 mM CI-solutions, the conductance states Representative stationary-state single-channel traces in a singlechannel patch at several Ca 2+ concentrations in the presence of 10 mM H-7 and 0.2 U/ml alkaline phosphatases. The patched membrane potential was held at +60 mV; data were filtered at 1 kHz. C, closed state of the channel; $1, the high conductance Cl current; $2, the middle conductance Cl-current; S3, the intermediate conductance CI-current. were 100 pS ($2) and 140 pS ($1) for CIC-3 channels. When CI-was partially replaced with other anions, the best fit of the current equation to data was used to obtain each reversal potential in the Nemst equation. The anion permeability ratio sequence was I-(3.4) > Br-(1.2) > CI-> F-(0.36) ( Figure 2C) . Thus, the CIC-3 channel is a patch excision and depolarization-induced outwardly rectifying CI-channel.
Ca=*-Dependent Gating of Recombinant CLC-3 Channels
Since phorbol esters had modified the CIC-3 currents in Xenopus oocytes (Kawasaki et al., 1994) , we first tried to examine the effect of protein kinase C on the CIC-3 single channel in the inside-out configuration. Although protein kinase C (0.8 U/ml) with cofactors inhibited the CIC-3 currents, the inhibition was quickly recovered by EGTA treatment (data not shown). From this evidence, we speculated that the Ca 2+ may be a modulator of CIC-3 channel activity, which is independent of the modulation of protein kinase C. We therefore examined the effect of Ca 2+ on the channel. Figure 3 shows the effect of bath Ca 2+ concentrations on the CIC-3 single-channel currents at a membrane potential of +60 mV in inside-out patches. The bath solution contained 10 pM H-7 and 0.2 U/ml alkaline phosphatase, but did not contain ATP. On exposure to the nominally Ca2+-free solution, the main single-channel currents were the large-conductance currents, $1 conductance level (140 pS), but the currents of $2 conductance level (100 pS) were infrequently observed. At 100 nM bathing Ca 2+ concentration, the main single-channel currents were changed from $1 conductance level to $2 conductance level, and a further small conductance level (40 pS), $3, appeared. Fast direct transitions among three states (closed, $2, and $3) were observed. At 200 nM bathing Ca 2+ concentration, the main single-channel current was $3 conductance level. Finally, at 1000 nM bathing Ca 2+ concentration, the CIC-3 single-channel currents disappeared. Figure 4 shows the effect of changing bath Ca 2+ concentrations on the CIC-3 currents at 40 mV membrane potential in inside-out patches in the presence of 3 pM staurosporin. Upon formation of an inside-out membrane patch from the C21 cells in 10 nM Ca 2÷ bath solution, spontaneous opening of CIC-3 channels appeared. Its amplitude histogram shows three peaks indicating two current gaps (-4.12 _ 0.29 [$2] and -5.7 _+ 0.22 pA [$1], Gaussian analysis; Figure 4 , A phase). When bathing Ca 2÷ concentration was increased to 200 nM using the multiple outlet method (Yellen, 1982) , the channel currents switched from the large-conductance levels to $3 conductance level (-1.6 _+. 0.18 pA [$3], Gaussian analysis, Figure 4 , B phase). Further increase in Ca 2÷ concentration to 1 I~M shut off the currents (Figure 4) . Restoration of the channel activity was sequentially obtained by exposure to a nominally Ca2÷-free solution containing 1 mM EGTA (Figure 4) .
The above results expected that an increase in intracellular Ca 2+ concentration inhibits CIC-3 channels in intact cells. This speculation was examined in C21 cells using the whole-cell patch-clamp technique. Figure 5 shows the effect of an elevation of intracellular Ca 2÷ concentration on the whole-cell currents using a Ca 2+ ionophore, ionomycin. The CIC-3 currents were observed in whole-cell patchclamp recordings in response to voltage pulse of _ 10 mV. When the patched cell was exposed to 1 I~M ionomycin, the magnitude of the whole-cell currents gradually decreased in a few seconds, and its reversal potential was shifted. After a few minutes, the whole-cell currents were completely blocked (n = 3).
Further analysis of the single-channel recordings of CIC-3 channels at various Ca 2÷ concentrations was performed. Figure 6A shows the open probability of $2 state as a function of membrane potential. The open probability was dependent on membrane potential in the presence of bath Ca 2+. Voltage endowing $2 half open (Po = 50%) shifted to the right after increasing bath Ca 2+ concentration (20 mV at 10 nM, 40 mV at 100 nM, 70 mV at 200 nM). Figure 6B shows the open and closed analysis of CIC-3 channels using the unconditional distributions of these interval durations (Blatz and Magleby, 1986) . The data were recorded for 8 min at 10 nM bath Ca 2+ and +20 mV membrane potentia!. At this condition, the main conductance state was $2 state, and the probability of $1 state and $3 however, the assignment of the best kinetic scheme of CIC-3 channels is not possible at present.
Discussion
This study shows the establishment of a stably transfected cell line of the CIC family. CHO-K1 cells may be favorable for natural expression of rat CIC-3 channels, since chinese hamsters and rats are genetically close. Examination of CIC-3 single-channel recordings provides novel evidence for ion channels. The CIC-3 protein is a Ca2+-sensitive, outwardly rectifying CI-channel. A rise of bathing Ca 2÷ concentration flickered out the single-channel currents in the range of physiological intracellular Ca 2+ concentrations. Its blockade depends on membrane potential and intracellular Ca 2+ concentrations, but not on the modulation of protein kinases and ATP-dependent processes. We previously reported that phorbol esters blocked the CIC-3 currents expressed in Xenopus oocytes (Kawasaki et al., 1994) . In this study, the CIC-3 transfected mammalian cell line generated an outward current in the whole-cell configuration, and this current was also inhibited by phorbol esters. These results showed that the cell line expressing CIC-3 channels was established, and the regulation of the CIC-3 channel by phorbol esters was conserved when expressed in the rodent and amphibian cells.
The CIC-3 channel is a large-conductance CI-channel. Based on the reversal potential at partial CI-replacements with other anions, we determined that the anion permeability ratio sequence was I-> Br-> CI-> F-(see Figure 2C ). Our previous study in Xenopus oocytes showed the similar anion permeability ratio sequence, I-> Br---CI- (Kawasaki et al., 1994) . A small discrepancy may be due to some endogenous currents present in Xenopus oocytes. This sequence is compatible with Eisenman's series 1 (Diamond and Wright, 1969) , suggesting that the CIC-3 protein may have a binding site with a low positive charge and have a pore with relatively large radius compared with other CI-channels. Therefore, its large conductance may be related to its pore size.
The CIC-3 channel is a patch excision and depolarization-induced channel. Although the channel currents did not appear in the cell-attached mode, the CIC-3 channels became active in the cell-free mode. Previous physiological studies demonstrated the excision activation of other CI-channels (Hanrahan et al., 1985; Krouse et al., 1989) . It is speculated that cytosolic inhibitory factors may exist in the cell and inhibit the CI-channels (Kunzelmann et al., 1991; Krick et al., 1991) . In our cell-attached studies, the transfected cells were washed with the bath solution, and patched membranes were pulled into a patch pipette by suction. It may be possible that this handling produces shear stress, and that the shear stress elevates intracellular Ca 2÷ concentration and activates protein kinase C (Shen et al., 1992; Nollert et al., 1990) . The cytosolic changes induced by shear stress may inhibit the CIC-3 channels in cell-attached patches. Detaching the patched membrane from the cell sets the CIC-3 channels free from cytosolic components and decreases the Ca 2+ concentration on the intracellular surface of the CIC-3 channels. The decrease of the Ca 2+ concentration may activate the CIC-3 channel. Further studies on the properties of the CIC-3 channel may clarify the activation mechanisms of patch excision and depolarization-induced CI-channels. Many investigators have reported on the Ca2÷-dependent activation mechanisms of ion channels, Ca2+-activated K ÷ channels (Atkinson et al,, 1991) , and Ca2+-activated CIchannels (Owen et al., 1984; . However, there have been two reports on Ca2÷-dependent inactivation mechanisms, namely, a report on GABA receptors (Inoue et al., 1986 ) and a report on the Ca 2+ channel (Johnson and Byerly, 1993; Imredy and Yue, 1994) . The inhibition of CIC-3 channel is another type of Ca2+-dependent inactivation mechanism of ion channels. When the excised patches were exposed to Ca 2+ concentrations corresponding to the physiological range of intracellular Ca 2+ concentrations, the CIC-3 channels made fast transitions among four conductance levels, $1, $2, $3, and closed. A similar half-blocking phenomenon was previously reported in IRK1 channels, in which Mg 2+ block induced sublevels of conductance (Matsuda, 1988; Matsuda et al., 1989) . Our study showed a new type of half-blocking mechanism induced by Ca 2+. In the nominally Ca2+-free solution, the main single-channel conductance level was $1 state, full conductance. The Ca 2+ concentration of 10 nM changed the main single-channel conductance level from full conductance level to $2, a lower conductance level. In the presence of 100 nM bathing Ca 2+ concentration, single channels began to show fast transitions to another lower conductance level, $3 (40 pS). The Ca 2+ concentration of 200 nM changed the main conductance level from $1/$2 conductance level to $3. Increasing bath Ca 2+ concentration up to 1 p.M inactivated the channel at any given membrane potential.
$3 conductance level was not derived from endogenous CI-channels, since it always appeared after $1/$2 conductance levels when the bath Ca 2+ concentration was elevated more than 100 nM (100%; n = 30 of 30). Excised patches from wild-type CHO cells revealed mainly the underlying CI-conductance of -30 pS (Reinhardt et al., 1987; Gabriel et al., 1992; Bear, 1994) . Therefore, Ca 2* concentrations that correspond to a physiological range of intracellular Ca 2+ concentrations induce the conductance switching among four conductance levels in CIC-3 channels. Alterations of the conductance levels ($2-$3/$1-$2) by Ca 2+ were probably due to subconductance states of the CIC-3-encoded CI-channel. It is, however, not certain whether the alteration is due to the switching of the triple-barreled channel. Because some CI-channels, including CIC-0, are known to encode double barrels (Miller and White, 1984) , a hypothesis of a triple-barreled channel cannot be neglected.
The CIC-3 channel also belongs to a member of the voltage-gated CI-channels. The open probability of CIC-3 channels depends on membrane potential in the presence of bath Ca 2+. A similar mechanism underlying this phenomenon, which is well defined in N-methyI-D-aspartate (NMDA) receptors (Nowak and Prochiantz, 1984; and K + channels, is the (Matsuda et al., 1987; Horie et al,, 1987; Vandenberg, 1987) so-called flickering block by Mg 2+. Previous studies on the mechanism of flickering block by Mg 2+ indicated that the flickering may be due to an inherent kinetic property of the K ÷ channel rather than direct occlusion by Mg 2÷ (Horie et al., 1987) . A point mutation study on NMDA receptors suggested that they possess a Mg 2* binding site (Mori et al., 1992) . Intracellular Ca 2+ may be a inhibitory ligand for CIC-3 channels, just as Mg 2÷ is for these channels.
This Ca2+-sensitive CI-channel is dominantly expressed in excitable cells. Our in situ hybridization study showed that the CIC-3 mRNA was abundantly expressed in neuronal cells in the hippocampus, the olfactory bulb, and the cerebellum (Kawasaki et al., 1994) . In these locations, intracellular Ca 2+ ions play a vital role in the neuronal functions, synaptic plasticity (Lynch et al., 1983; M alenka et al., 1988; Perkel et al., 1993; Wyllie et al., 1994) , and olfactory transduction (Kleene, 1993; Kurahashi and Yau, 1993; Lowe and Gold, 1993) . Recently, CICN4, which is strikingly similar to CIC-3, was isolated from the human Xp22.3 region using positional cloning strategy (van Slegtenhorst et al., 1994) . A male patient who possessed a partial deletion of CICN4 suffered from delays in psychomotor functions and mental retardation. These clinical features may have been induced by the loss of CICN4 function. Possibly, the CIC-3 gene is a rat homolog of the human CICN4. Further studies on the neuronal functions of the CIC-3 channel are clearly needed.
Experimental Procedures Transfection
Plasmid Constructions
The oDNA of rat CIC-3 CI-channel was originally ligated into plasmid pSPORTI. We made the encoding CIC-3 fragment with Sail (5,) and blunt (3') restriction sites. The Sail and blunt cut fragment was ligated into a mammalian expression vector, pMAM-neo (Lee et al., 1981) , at the Sail and blunt sites and propagated in Escherichia coll. Cell Culture and Transfection CHO-K1 (wild-type) cells (obtained from JCRB) were grown in Ham's F12 Nutrient Mix (Gibco) supplemented with 10% fetal bovine serum at 37~C in 5% COs. Conventional transfection was carried out using a mammalian transfection kit (CaPO4; Stratagene). Cells containing stably integrated copies of transfected recombinant plasmid were selected by adding Geneticin (G416, Life Technologies) to the growth media at a concentration of 700 pg/ml. After selection for 5 months, G418-rosistant cell clones were isolated and transferred to separate culture dishes for expansion and analysis. Northern Blot Analysis Total RNA was isolated from about 107 cells of each G418-resistant clone treated with or without 2 p.M dexthamethasone for 24 hr. Each sample of total RNA (20 I~g) was resolved in a formaldehydelO.7% agarose gel and blotted overnight onto a nylon membrane. The RNA was cross-linked to the membrane by ultraviolet light, prehybridized for 2 hr in a solution containing 6x SSPE solution, 5x Denhart's solution, 50% formamide, 2% SDS, and 100 p.g/ml of denatured salmon sperm DNA at 65°C, and hybridized overnight with 108 cpm/ml of CIC-3 cDNA probe labeled with [a-~P]dCTP (Amersham) by random priming (Promega). After hybridization, the membrane was washed twice in 2 x SSC, 0.1% SDS at room temperature, and once with 0.1 x SSC, 0.1% SDS at 65°C for 30 rain. Hybridization was visualized by autoradiography.
Electrophysiological Characterization
Conventional patch-clamp techniques were used to record singlechannel currents and whole-cell currents from CIC-3-transfected CHO cells. Currents were recorded at room temperature (20°C-24°C) with an EPC-7 patch-clamp amplifier (List-Electronic, West Germany), and the data were stored on a DAT recorder (DAT-200, Sony, Tokyo). Records were sampled at 2000 points per second and analyzed on a Compaq ProLinea 4•50 computer using Axon version 5.5.1 software. The obtained data were transferred to a Macintosh SE/30 computer and analyzed using Excel 2.2 software. The standard pipette solution contained 120 mM NMDG-CI, 1 mM MgCI2, 10 mM PIPES, 1 mM EGTA, and 0.51 mM CaCI~ (pH 7.30). The standard bath solution contained 120 mM NMDG-CI, 1 MgCI2, 10 mM PIPES, 1 mM EGTA, and 0.09 mM CaCI2 (pH 7.30). In the whole-cell configuration, the pipette solution contained 130 mM K-gluconate, 20 mM KCI, 5 mM PIPES, 1 mM EGTA, and 100 p~g/ml nystatin (stock solution, 25 mg/ml in dimethyl sulfoxide; Levitan and Kramer, 1990) (pH 7.20) . The bath solution contained 130 mM tetraethylammonium chloride, 1 mM MgCI2, 10 mM PIPES, 1 mM EGTA, and 0.51 mM CaCI2 (pH 7.40). The ionomycin solution contained 130 mM TEA-CI, 1 mM MgCI2, 10 mM PIPES, 1 mM EGTA, 0.51 mM CaCI2, and 1 pM ionomycin (stock solution, 1 pM in dimethyl sulfoxide; Calbiochem). The Ca ~-concentrations of the bath solutions were measured using a fluorescent indicator Fura2 (Williams et al., 1985; lino et al., 1990) . Data were usually filtered at 1 kHz and sampled at 2 kHz. In Figure 3B , data were filtered at 10 kHz to reveal the fast switching of conductance levels.
